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ABSTRACT

This thesis presents two design techniques for low power CMOS digital circuit. The
techniques are developed further from existing techniques including the charge recovery
technique and the adiabatic switching technique. Both techniques can reduce power dissipation of
CMOS digital circuit significantly compared to the same circuit using conventional design.

The first technique is based on charge recycling methology. It is suitable for synchronous
digital circuits that require clocking such as dynamic logics and dynamic registers. In this
technique, after evaluation period the non-inverting and inverting outputs of a differential logic
circuit are equalized to Vdd/2 instead of being precharged to Vdd. Therefore in the next
evaluation phase one of the outputs will draw only a half of the current to charge on internal node
up to Vdd while the other output will dump only a half of the charge to ground. Theoritically, the
circuit operates faster and can save power as much as 50% compared to conventional dynamic
logic. Simulation results show a power saving of 30% compared to SAFF.

The second technique is based on the adiabatic switching. It is applied to the static
combination logic which uses ac power supply instead of constant power supply. Due to its
sinusoidal power supply, the voltage across load capacitance at the output is slowly changed thus
maintaining small voltage across active device and allowing charge stored in load capacitor to
return to the supply. In this thesis a conventional adiabatic 2N-2N2P structure is modified to
improve its energy efficiency by completely returning charge at output node to power supply. The
new structure archives energy saving as much as 14% compared to its original.

Both proposed techniques have been verified using Cadence Spectre with 0.35pm CMOS

parameter. The layouts are performed by using Cadence Virtuoso.
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nssia 1, Wunszuah masznhereauazvunsuvssuomln Hvnaludm weak
inversion %39 subthreshold Tagfnendi ludaldvurm-yer Hevinhadnmdasy (7,)
[121, [13] Tnem weak inversion nszuaFrdeusnmdaisudiulngzfannmsamsves

A ar o A v
wing Iauinwiz Ty DSM CMOS technology AafnadaiEuiia iy (ow direshold)
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2.3.1.3 nIzuaryafiBneINHaTes DIBL (1,)

“lummwmﬁ'mmmmmuuuaﬁmmmns:Usﬁwwmu?nmﬂaaﬂﬂszqwmzszw*j’m
Tmsuivweaiinunwe e I fsea-msunoauy tndh (potential or field
patern)  Hnntfevdomshauvosemdn  Sevhldmdnmdas uvsenwalunsgiiaay
grULUANYUING '%'q‘lzﬁ’jyuagiﬁ‘mhmmmwawyuuuﬂ (channel length) uagsnaf
lusavuasy ﬁ'au°luﬂsﬁnﬂmﬂmﬁmmumwmmaﬁﬂuu'zﬂﬁ’”uguﬂqmn’iw‘luumgwmﬁ
nalasan vz szninnimeaduvunsy uazé’rhé?’lvlﬂwﬁmweﬁ-mmsué’auﬁwaﬂszwuﬁ’u
band bending c&ﬁaﬁmmﬁﬁmﬁams‘v‘imuﬂuamamﬂmﬁflﬁﬁﬁnm%m’%"w pasAnsELE
Aeufinadnsuvesomma Tunsdifamuenusaivady ﬁu;ﬂﬁauuﬁmmnﬁ'ﬂmﬁ
Tusauuasu Falsingmsaidena1ai5enth Drain-Induce Barrier Lowing (DIBL) Iag#ia1sa
NINAINAIIUVDIRWMWIFAG (energy barrier) U512 mﬁnszw:hwwammgmmsuﬁ’agﬂﬁ 2.7
[14] Tuanzfvommlalihiarta stumerndaziieadu g dnasewmndens g
wsu'ld dmsulunsdidusesafinnuewruuuaiivuaen AANUFIveItmwIAndo
gnnay aulasfnafivunm (7,) uazqﬂi"iyua.;iﬁ’umﬁnJ%“;ﬂuuﬂawmﬁﬂmﬁmsumaﬁ (Vps)
eg1a lsimuTuueaafinuerusuumatvuady AN wneAndeziinanas

A 4 o o w b A a4 ¥ ¢
m:umiquﬁuﬂlmﬁﬂmmﬂmm ‘umztﬁmﬂunizuﬁﬂﬂuﬁﬂm%ﬂLﬁmmmmmmzmﬁﬂm

Yasuiliaanas
A3 L Vos
i 625um | 0.5V
Q@ 125um | 0.5V
= 7 1.25um | S0V

Enregy

| IR N S S T N |
0.1 0.2 03 04 0.5 0.6 0.7 pg 0.9

|.
= viL

31 2.7 WA lateral energy band vinviwed lduuasy () lunsdifuoaiauuy
long channel (V) lunsfinuomdauny short channel (9) Tunsaifuemua

) ¥ ]

WUV short channel g ludadnaAvuasufimgs Taensawnsdl ludadnandi

YUNNAAUAYINU [14]
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DIBLi]mﬁﬂﬁusﬁau?xamﬂaaﬂwmzﬁmmuﬁﬂnﬂﬁﬁ’uﬁufﬁummaﬁ‘lﬂé’u‘%’nmﬁ'mﬂ'wm
e dawaidumsdndRaeaiisonag Tunsfiveamafinumusuiuaiiouady
nmi"luaﬁﬂﬂmwmwmmmq denaldfumsdnduazadnaBasuiaanag Mmidisezy
w'meNmuw=uwam“t:mmm"thmﬂuwaawmmauaﬂmuamﬂﬂs zyfifnanuunm
"luﬂsmm"lmﬁ“lmnmsu:Jmmﬂqummmmﬂnﬂs zinBna (L) ﬂuﬂJ'lﬂ“] dawald DIBL
firga unzsdnandasuiisdag uA idemasumnnuduvenszuainafasy (S,) &
Wumanuduvsns v 1-v vesueaaly scale log FufluduaasdalSumvesnszieia

ﬁ'qgugaua%1a’lun1iznﬁi]muw1 DIBL (fieannszuaiadumsalen laomsianesive
vinarmmiunzauuunldlitge uaemsadusesdsuSnamnaonauasyldnuduiy
[14], [15]

|l 1
L

2.3.1.4 pszua¥inifaeInkaves GIDL (1)
nsEna  GIDL .l.ﬂﬂ*n1ﬂlemﬁum‘Mﬁ‘mﬁmmvﬁ’uqm?nmmeqﬁ’ummuﬁ
A or o Yo . - ' g P o
mieunu hlhidauinavatenUsspnmsunguinusesdoruasu-vea Tunsaiiluse
or d'd. L] 1 -y ﬂ'l ﬁ' £y Q. ‘é’ {
YUANYDI NMOS Awdnarfilisutiuvavdemaldifenssuaiafifiann GIDL fviy lunsad
1Hundeiiofinng GIDL e fiends daulunsdinldundssofisrgeezdanaly GioL ILEGR
Y
én
Q'J d' =y w d
23.1.5 nszuafidaomiimg ()
nssuaiienmlingnsaiudng  BannuSnulaeanmzifiRaseuqun
wsuuivgindh U lndduuSnomeasndssyfidiaseunviven  dewaldnszuailnarin
urvua bimuisanrogu Iddefnafiaunn Tﬂaﬂsmﬁmﬂﬂﬂmﬂs1ngﬂ1smwuwgm
nlaauuﬂm;mnmmﬁmnuﬁﬂmw"luaammsu uazAInNFHTeInNTInsEuanousna e

LﬁﬁJlJﬂ mmw G wa’lﬁnszuﬁnmumuu TN ﬂLI‘] lﬂ'JEJ

2.3.1.6 NszuaINHAINToImAd un s IEUAY ()
a . . d
Tuveaannnun¥evessuuna (effective channel width) Tuieldn (narrow
. ' . , R - ot 7]
width) 131 trench isolated technology damal¥imdnmiasuiidannas Junsaifanunig
vossnuuailmitesndt 0.5 luasou (W <0.5.m) damlunsfivoamaiviamnnt 0s

Tunsou (W >> 0.5.m) awIsaazmHaveIlsIngnsalYomaRuNsTLELAY
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2.3.1.7 sz Sanibalutueen lualduunn (1)
AszUaiinIAnITeIENZ  (umeling)  wnveenled (7)) iWiuflsiduves
] 9 ¥
mnulvih (E,) fweruduoenled Tasnalnfifianisinienegssring substrate fU gate
polysilicon ewnsaua ldeswuniio mavwnzg lldunnlaenss (direct tunneling) V849
a o H o Y £ & an 4 .
BianasourINIOUNAII AR NV BITUGAnoUBon 1A uag  fowler-nordheim  (F-N)
L r
tunneling vosdinasoudn Il luueundsanni Iifhwesiueon lod deglii 2.8
k4
dmsunalnnsngnzauun  fowlernordhemim  WUNIZUAMAADINAITIIZNZYUD
= d v o w & o 4 )
'EliﬁﬂﬂiEl'uH']uﬂ'liLW\?ﬁﬂEJ‘lJﬁL‘ngﬂﬁ’lmﬁﬁﬂﬂJ (triangular  potential  barrier)  UAZHINDI
A 1 ar ] o @ 1 { o
V,, > @, lauhV,, femdnaianaseusenlad [16] Tavvi ldmnszuaiifianinmsens
d”d T g/ Y A 9 = a,: ot
neguuviiliawles wuhnnuduveseuuIwfhusnudsuoon loalin 8MVem admu
wiuvssnszuaiiannMsIEnegling S00nd/ cm? Tao @, M 3.1ev dmsunsldau
4 o U ¢
Unfupsuemaiinnsnusuuiaiivinadu v ¥, <®,, Mldnszuaiifesinmsey
ngqauuy F-N dalesaunseaziaela
. . = é’ ar q;ug L]
N3 1NN151918NZQUUDAST ( direct tunneling) dzMadufuvvemniituoon lyaliny
9/ 1 Aa g ' ar © 3 o
Me8A1 3-4 nm Tagunuivifnaseuszmiensgriuuaunassh fhuesdusen loq
L
Tfunnuanfuinenegrudesihsvemasnudssimuosiudanouson o ldunn [14]
ad t o o oddd & A . . .
Tﬂﬂmaﬂﬂ'iamm13‘71zfgmumzmmﬂumﬂuﬁmaﬂumwg (trapezoidal potential barrier)
= ‘o o o¢a g < . .
unufszmznzgruiumeAnsfitinglawmasy msnengguuDes ( direct tunneling) 92
a o el & & Ay A 4 5w e 2
Balunstiny,, <®,, [16] FanszuasRsinwLIy dmivwomianinurIvesFuy

oon'ladtios q (<50 4°)[16]

Dox
+Vox e Ec 3
+Vox
Ev T Dox
p substrate o Ec
Ec
Eg | Ev
Ev p substrate
Ev + ..
. N n polysilicon
n" polysilicon

(M (V)

517 2.8 na'lnniserznegszninssubstrate 1164 gate polysilicon (M) F-N tunneling of electron

u

() direct tunneling of electron
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2.3.1.8 NITBETITINAINHAVEIWINZIOU (1)
= = > a =it ¥ o 1
Tuseawafnnuouruaiivinady  szfaau TWihlinnudugslndsevdo
=5 =y ey o o - o ar ar J
vesganewdansulaoon lea  Milddibnasounselea ldsundsaunnaum lddoulim
o A o 1w v o nly'é oo Ve \ .
gawefzindoundusesson lidirueonlad 18 dFulsingmsalfenaniSondt hot camier
.. . 4 a an w aa L4 ' ] g ad
injection  ¥aRaUszgmsnnganou lldiEanen laven lud lavduInganduditnnseu
1 dll = o A ) 9} T = o o
wnnTlsaiflosnndanasoulamndseininadooniueslen  wazlimdwmwadndves

Ton (4.5 ev) Heganiiiisumsdndvesddnnsou (3.1 eV) [14]

232 m‘sﬁvunﬂﬁmﬁﬁ;’aamﬁsﬁﬂmnﬁ'@npmﬁuﬂmmmm'w“;'l

mswavumlasma TuTaByesnaessamnmsld Nmos nldinaTuledsuod Haus
3) 1980 T l¥msmaldesidsmuuauninfiaiulaesisiesas sufuluasesh
HSueamsBanmsauldeshdemuuuauain (S?JJﬁdﬂ‘ligulﬂﬁi)ﬁﬁ'lﬁﬂQTuﬁLﬁﬂﬁ]’lﬂﬂi:ﬁ

3 ¥ N
ua) Tuaesiilemafadulddeslunsdidyaai Inuanwhaduuny ful swing daulu

] [l
&4 A o -

nsaldaanuf Ivuaniove929953una lulinisswing U non-full rail lentaezfinnis

b
2 ]

= o = [~ 1
Aunldeshdsnuuuvauaaniianutiulyldgusuluiews NMOS pass-gate [3] U8z Low

]

v
swing interconnect signaling technique [22] #93un151112995AIMS swing LU non-fuil rail T
o ' or 4 . . 3 o o 9 . q’: 1
MU wiUesAlimsswing MUY full swing Uuiniudoslingms interface AUTEHIN

L} A I ]
circuit styles wulu SoC (system on-chip) G]Nﬂ‘iSﬂE}Uﬁ"’JU"Nil‘iﬁTﬂﬂﬂJ']ﬂM'lﬂtmmmﬁz'N%‘i

ol ar ]

o 3 o 2 or Vot )
wanszdudnauenaieiu lunsdiasesduoadgnludadiounastionuy full rail power

o

o o . a & n::’ o o ~ :
uazdyanudunndluuny low swing MldRamsAulfeshidsmuuuausinilessin

o

dar o o o = o & o w
!ﬁuﬂ‘lﬁ'ﬂﬁﬁ@“ﬂllﬂ%LﬁJHW'Nﬁaﬁﬂ'nu‘llf]\‘l')\“miﬂunﬂﬂﬂﬂi (Mp2U1azMn2) ﬂzﬂTQTHW%’BNﬂH

L

Aagif 2.9

nn Yop
Yoo Vop =V -oeev
OI_I_—L My, [prl';_l_l— 1—4 My,
L L
MPI C Nif IIaadZ CL
Israﬁc

l___

a; g 2 o _ o a = = o o
31“" 2.9 M3 AU AIMFINUHVVELOANUDINITFUDADULIDTINDT
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& ey ] [~ ] ar 2 2 ¢ ¥
nszuailunssasasasueadiu lnaillunszuanoudnaidiaGy  FezlauRuiy

. o 1 & o oo a T ar a

WUV exponential fum ¥, FullumavesmiaamidnadaEy laonsinoudnavasy

(1) V020BEMe Tnofanaues weak inversion ttaz DIBL annsnlon Iddsannmis (2.17)

] (e Va—rVotnV Jinvz (1—e "y @.17)

subt = 10€

Taoft 1, = u,C, (W 1 LV 2", C,, fomdufiudszquosennleaiivunm (7 /L) fesas
AUUBINIUNANADABANNI1INOIWOAINA 42, DA mObilityfl zero bias Vgﬁaﬁ'ﬂm'ﬁmw-
¥t Vi AoA1 thermal voltage (A1 26mV ﬁqquﬁmoK} naomdudsefinfues
subthreshold swing 11810 (1+C/C,) €, AosdfiuseguSnnsesdefinsinalaon
WINZYDINIHON/UUATU }/ﬁ’am linearized body effect coefficient (01 nﬁﬂﬁiﬁ'ﬁdﬂizﬁﬂg
199 DIBL

SraziauduseAniues body effect DIBL wnglddues ¥V, >> 7, snaumsh

2.17) ewnsaifoulfeglugiuuueiediedsaunish (2.18)

|Vg,|—|V,,,|

Isubrh = IO : 10 S (218)

Taeit S, Humauduvesnssuanousnadadudediauity #¥, n10 Falaoialiidn
Uszanal 100mVidecade dminaanwduvesnssuadoudnaidacy () wed bulk
technology SIAT5EM 913 80 mV/decade 3 100 mV/decade figmmgives Taslumanadt 2.1
msSoufsunamsuvsanseuadeudnaiaEy (S,) nszuoasu (fyg,) UDENIIUTS
vaiznoamalition (Z,) vos NMOS nnaTulabang Taomaceufiguungides
(T =25C)HI2], 171211

1050662
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t:; = = ar ’ ar = - or
A131390 2.1 1WSsusuanuduvoinszuanoudnaTasy (S, ) uasnizuada (1, ) 909

NMOS
Technology Ler Voo Vi Insar Yorr Isar/Toge S,
(pm) (pom) V) (V) | mA/ pm) | (nAS pim ) (mV/decade)
0.80 0.55 5.0 0.60 - 5.8x10° - 86
0.60 0.35 33 0.58 - 1.5x10" - 80
035 0.25 2.5 047 - 8.9x10° - 80
0.25 0.15 1.8 0.43 - 24x10° - 78
0.18 0.10 1.6 0.40 - 86x10° - 85
0.18 0.10 1.5 0.29 1.04 3 347x10° 90
0.13 006 | 14 | 030 1.14 10 | 114x10° 85
(Dual-V,) | 006 1.4 0.27 1.30 100 | 130x10° 85
0.10 0.05 1.2 0.34 0.95 30 316x10° 87
0.09 0.05 1.2 . 1.26 40 315x10° 85
(Dual-v,) | 0.05 1.2 - 145 400 3600 85
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(Power Reduction Techniques in Digital CMOS Circuits)

3.1 UNi

9 ]
asauldessidenudnngueriniiteeaduemdasnmsaing  uidedidm

- o a ' Y . . a o
m"lé’fumimmu'EJmﬂuﬂTﬂﬂ&;&tﬁuﬁﬂﬂﬁﬁutﬂﬁmmawm‘ﬁiﬂmmﬂ‘ﬁmwﬁﬂmmmmsﬂ

o ur

1 gt ) = -~ o’g.’ 1 = [y Y]
llﬂﬁaﬂﬂl‘lﬂﬁﬂ'lﬂigﬂﬁﬂﬁﬁi]ﬂ 34]‘l‘u'}l‘ﬂEI'I‘LI‘W'LIﬁUﬁ]:’,ﬂﬂ'l'JQQLﬂW'lz1u5$ﬁvﬁﬂ1ﬁﬂﬂﬂ5‘iﬂ PG

U
[]

o o o kY o
NIT UBSITAUNINGT

FotumaiuTad avmsfiansanszEuduiiszduaniaonssu aoh
29T LAEMITINABILILYUIY (parallelism)’ B3oAouun il ey (pipelining) wazld3tns
andnanfumdssioniennuiauiteanmsduifsshifany ﬁ:u"luszﬁuﬁﬂgﬁwmmﬁa
szﬁ’mwsuaxs3;5’11‘ﬁaﬁmﬁ'nmﬂiuTaﬁifuﬁmmmﬁ%aﬂmsé’uLﬂﬁmﬁﬁ?mum"lﬁvﬁuﬁu

Taemsfonsiavessasuazgdnsel iimuganiunms o

Top level Design partitioning, Power down

Complexity, Concurrency, Locality,
Regularity, Data representation

Concurrency, instruction set selection,
Signal correlations, Data representation

Transistor sizing, Logic optimization,
Activity driven power down, Low-swing
logic, Energy recovery

Y =
Down level | Technology. | Threshold reduction, Advance packaging

51l 3.1 mysenuuuszuuRldhiden

act d‘l ; a4 o o
3.2 38nsmanesfeanmsaulassidanuylamndin
3 1 k4
lusesaaneaduaanisduldesmhdinunfatuluszsnemsmauyesnesaiuy
[~ ny = | 9 o P = o o
IngfumsdundoshdeamunylaufingufannmsdssquasmorlssyTuaadudulssg

=) 1 & g Y - 8 o o o o 2 ¥ ug 1
Hﬁx'ﬂﬂ'ﬁ')u'rﬂNlﬂuﬂ‘iﬁﬁulﬂﬁﬂﬁﬂ"lﬁQ\T]u‘mﬂﬂﬁnﬂﬂ'l'iﬁﬂ'cl\'ﬁ!5 Lummﬂmnm"lm‘uu Has
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1 ar a S0 [} o .:? o o =)
naldasvesdygaduyaisia iflugud  Taonsudfossidssmuuy lanfingnse

w1 la AN (3.1)

2
Pd)mamic = qCVDD (3 1)
Truf o ADA1 switching activity ¥BIoUNA £ AvsAnudNuesiou C Aedwedlnand’
1 F=4 1 1 ) :'s 1 et ] o ny 2 o o
dulssanay ¥y, Aonwesunasse A ladnmstiweusitasmsaun/feshdanu

=) tﬁ. o3 l:‘? 1 ﬂi o == ] 1
Lmu"lﬂumﬂmﬂﬂmﬂu‘mema TINTNIUNDWITLYU

3.2.1 MIARMANMIVDIHDIDIY

1
= °

ey - v ot st & 3k o o ﬂ';‘ =} 4y
FasiAnmvoumastinduitmsnilsigmiwnldlumsaatidesudunlfosnla
o . o c’: - o o o 18 !
KaTAlRY  JAERITINNEEASH (2.16) msTundesmidsnuamnsaiilddremsanm
d' L] or 1 é E-1=% or 1
amaldam (f,) nioaemdufulszyaTnuadisg (C,) 35 msdenamuisnaams
4::‘ o o = A ¥ ar oA 1 v g o o
i nlfesidenuauuuiFudy Fwendetunisaamidnaundasionisdunaseiids
-] L l& 3 I r T 0‘} r 4 é
MARAUDAINEeY  Fanaveamsasumastiodanalnnszuad lududumsa laadad
' g o - - o & oy
Manawuwidns ldiwuden  Taownsaanaumsn (217) a9 Vo uaz v, 9suannnmin
(L] wu‘/’nd v oar P [ = A e c;sJ'olv °
uvaene  daiuitaamdnmifiuvastesallumadoniinlunesnuuuaesi lgdidenud
1 1 | 1 ] T 1 Q. 13 =
LARANINMIBAAIUBILINEI ITNA MU0 s TR NN Y UIRE N WA M3 oY I
(throughput) YBITSUVUGADI
a  ar o i P g ] o [~ =y
Tasanudinfvearaf 1 lumsdeduanamnuna (enasin “17 1uasin “0”
wIev1naesn “0”7 Wuaedn “17) Sudnemvswmasdemunsarioulddsaunish (3.2) 3],
[24]

CVop . LegCiVop

T, = - (3.2)
T WBV -V
T, ———VPP— (3.3)
(VDD - Vu;)

P 1 -] 1w v
Tavhi C, Ao Inaaduiuiszy 7, Aemdnmuosunaitny 1 Aenssuainsuveaoaiva
= ¥ ) 1 ‘3’ 1 a2 o
W fenunavesusuuun L, ADANNITIVOLIULNR A8 » vziiuegiumn i Tath

I 1 1 8 :’J = r | i
IFerdndadinogsznin 12 Tavlunemmafinnuenusuuuas iy 7 agiisniny 2 dw
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Tuwsasnfinnuonurumadui e Sanfeonh 2 iesnnwavesauSaduda dmsum
BannsamTdnnnszuavossmiaivhaugbuda [24]

vhaumsf (3.2) unushadh/uauns @.16) laedszinmduedyaveassdue
Wunuvaais Suiumdiniuisenims g fesmdsaniifanamsaindiusna

o 1o P 2 =i 9 o =3
W@Qllﬁﬁﬂ‘i]'lﬂllﬁ%ﬂ'lﬁﬂﬂ’!‘llﬂLSNﬁWﬂJ1iﬂ£ﬂJUu1ﬂﬂﬂﬁﬂJﬂ1ﬁﬂ 3.4)

vai!ching o VDD (VDD - Vrh )” (3 4)
3.2.1.1 masiamsaelsasiuuvwusazuuylilan
¥ 1
Asaafssuiudesgmisanit IddunsaamAna IR A BHASADNITUADS
mbsnvvunundedouuy il dwodilasldinssavecniguunzaesdiaz

oY (multiply and accumulate :MAC unit) aauvy il lmivSedeuuumove (pipelining) ﬁ’ﬂgﬂ

4

= . 1 ] Y &
# 32 () Tasnan MAC witlflumstssmarauazldduerdne Hawhduniaunm
(7)) veedwanemidm woldawoaunassiwilnd winth MAC unit miasuuvvUUAUAIg
i 32 (@) wnuhausoiszasanuiaslddevas 50 uazandivesunassiofingl disz
9 A d” ' P [ - 3}43 Vo
wnadesaz 40 (afimsaamussanuduazuvaseansondounlasldinegivisaan
A & { a o . ' o 1w
veaavsiasmn Tulatnld Fawansenuiihasanmsdi MAC unit ndauyuvuuiidmes
o ) ) A e g A a w5 . A 4w
wulszaliawiniuasauimazimfudulssgnifiannmsvaidunie (routing) INMIUI LAY
v [
20 AaTHNITAD MAC unit HpUvaEinms1¥hdanudsaumsi (3.5) nSvuiiousuMAc

unit AULLD

PParaHe! = CfV2 = (2'2Carg )(0'6Vorg )2 (O'Sforg)
=04P,, 3.9

= = P 1 2 ' 2
Taoh  C, Wuswuivdszgi Inuadnglusees  delumsdenyyninuaunsnaamsdy
o o 1o -4 d' ﬂ‘l 13 o 1 4 o
Wioasdenuvesszuuacld uasnudoldfuimniulunsiadunie damiyniiest
- A o A .. o S o w4 ' 1w g
fiudszaidaeinmsiyery (wirng) WuilymidAndsesdwanssnusdendunuilses
smvpnnnss (laedndmidafudseyiiiannmsifonmons hisnasnumaluTadh14)

o & &2 o ﬁ Y o Ly A o g A NP {
muuiumsaammm&mt UADIATUIDUTDINTTIALTUN I IWODRNONTENUNIZINOUN
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s lillod  FaldRuiderniudenSoudfionsununvunuTasdinalinmgnamion

o 4 4 2 roa
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or = ¢§ ] dy = or = 3

YBII9931IN (adder) F93UN 3.2 () cmm‘smmLmJummmaﬂmmammaa{;m‘jmmwmm‘lﬂ
o -t o 9 W ' ] ] o o
dszmnmiovaz20 unufinziiuiosas 40 FUTUMSHDUVDUUIU TINANNNTAANNUDAINN
1 vt 9 i [ ] or
Tauisoaeavesmasioadldlseanadesaz 15 Tasfiszvudmdldamgyamiioudn
. ¥ o w A dd 4 & 2 A Y ow g 1
MAC unit AUty dnfoAunAiuTuInmsiyessuantiy dewalimdunulsepnuau
i 4 sd o ' v @ ) s,

Zounz 15 unufaiin 220 wefidud lunsdimsdsupuvudaiumsaeuuylylmi

s SIS SIS T uNTST (3.6) INBUAY MAC unit AULDY

prpeﬁne = Csz = (1 ‘lscarg )(OSSV)2 (O‘Sf;rg)
= 0.65F, (3.6)

org
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] dn’: B W s} 5t ] t Py a:io =)
mssenny i lamivaunsadsendadidenu Wddsonimsaauuusinuuas fandifyon
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Logic Style P (W) T,(nS) PDP ({I) Device Count
DCVSL [53] 173 0.49 85 13
CRDL [45] 143 0.42 60 18
HRDL [46] i34 0.59 79 18
D-HRDL [47] 137 0.48 65 14
HRPGDL [48] 36.8 0.95 35 12
CPNCL [49] 96 0.69 66 13
SPDL [50] 110 . 0.49 54 20
CRRDL [51] 17.6 1.51 27 19
FCPCL [52] 43 0.34 14.7 13
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o

foyanlagndeudhliduiunsdszuamadegli 4.6 Taslunsdindeyaiimnsfinouds
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' 4 2 S
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funiaelmsn/Gouudass s iyaidaz sauatsian (cycle) Fuldhannn
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<4 B

D-Q

Data-to-Oufput Delay

’ I
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Data arrives -4—— Data-to- —— Data arrives
early clock delay late

g‘ﬂﬁ 4.7 data-to-output delay characteristic

4.1.2.2 hold Time, ¢,
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4.1.2.3 clock-to-output delay, /¢, o

Tugaa tc,k_gL‘ﬂunmmi'.Nﬁ’;’ﬂmﬂmammﬁaﬁgmmﬁmﬁmmﬁwﬂ Famnmiag
VO g ﬂxﬁfimmﬁ%'ﬂﬂ’eﬂﬁuag}ﬁuﬁwaqmm‘i‘f’ummﬁ’mutymmﬁm ATVOIUNTINIY LD
ownalvan  Tugauniisdesnsldiwamitwedlraeliffeodyandounnasin
«o» Wuasdn “17 uazvinaodn “17 Huasin «0* Seindfvefu sakualifuiasnm
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g'ﬂﬁ 4,10 sense amplifier base flip-flop (SAFF) [29]
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gﬂﬁ 4.11 modified sense amplifier base flip flop (M-SAFF) [63]
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A Low Power CMOS Flip-Flop Based on Charge
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ABSTRACT

This paper describes a low power CMOS flip-flop using a
charge recycling technique. In this technique, the
proposed flip-flop operates in two phases, equalization
phase and evaluation phase. In equalization phase, instead
of charging to Vdd, both output nodes of the flip-flop
sampling state are equalized to Vdd/2. Then in the
following evaluation phase one of its output nodes is
charged to Vdd and the other is discharged to GND. As a
result, only a half of its power is dissipated. Furthermore
since its output voltage transition is reduced by a half, the
resolving time of the sampling state is also improved. The
proposed flip-flop was designed and simulated using 0.18
pm TSMC process parameters. Compared to the sense-
amplifier based flip-flop, the simulation results show that
its power consumption and PDP are reduced as much as
29% and 40% respectively.

Keywords: Low-power circuit, CMOS flip-flop, differen
tial logic

1. INTRODUCTION

Presently, there are highly increasing in demands for low
power circuits especially for portable device applications,
Some applications_are not only require low power but
also high speed. One approach to achieve this speed
requirement is to use dynamic circuits. As we already
knew, dynamic circuit is operated by repeating the action
of pre-charging its output nodes to Vdd in pre-charged
phase and conditionally discharging one of them
according to the data input to GND in the evaluation
phase. Unfortunately, these techniques are inefficient as
far as the power consumption is concerned since all the
charge consumed in the evaluation phase must be re-
suppiied during the next pre-charged phase. Some circuit
techmiques were proposed to minimize power
consumption particularly for a flip-flop design such as
reducing the voltage swing, minimizing the switching
activity or decreasing the node capacitance, Several flip-
flop have been proposed in the literature for either
improving the speed or reducing the power consumption
[1L[2]. Sense-amplifier based flip-flop (SAFF)
incorporates a pre-charged sense amplifier and a
symmetric latch topology that reduces delay and
improves driving capability. It has redundant transition of

1SBN 974-94418-9-3 ©2006 ECTI
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internal nodes at low data switching activities due to the
precharged sense-amplifier structure. Conditional-capture
flip-flop (CCFF) achieves statistical power reduction by
eliminating internal redundant transitions. It has a
negative setup time and thus provides small data-to-
output latency. CCFF circuits needs, however, a large
number of transistors and shows large clock load. As a
result, for high switching activity it consumes more

.power than SAFF. Charge recycling technique[3]

increases the power efficiency by reusing the charge for
precharging the output nodes. Charge Recycling Sense
Amplifier Based Logic (CRSABL) [4] is the logic that
employed the charge recycling technique. During pre-
charged phase, the pMOS in the cross-coupled pair turn
on and supply an additional charge to the pre-charged
nodes making the final voltage higher than Vdd/2.
Therefore to prevent them from conducting during the
pre-charged phase the threshold voltage of the pMOS
need to be increased using the back biasing which can be
considered as a disadvantage for this style.

In this paper, we present a low power flip-flop which
adopts a charge recycling techniques that can reduce
power consumption of the sampling stage and also
improve the speed of sampling stage. These circuit styles
have two phases of operation named equalization and
evaluation .At the end of the evaluation phase one of the
outputs is charged to Vdd and the other is discharged to
GND. In the equalization phase the outputs are connected
to each other via a equalizing transistor and hence the
final voltages for both of the output nodes will become
Vdd/2. In the next evaluation phase, based on the data
inputs, one of the output node is discharged from Vdd/2
to 0 and the other is charged from Vdd/2 to Vdd.
Compared with the case of typical dynamic circuit styles
where the output node is charged from 0 to Vdd
potentially there will be a 50% power saving. The
fonctionality and performance of the proposed flip-flop is
verified in Hspice with 0.18um CMOS process. The
transition delay, power consumption and power-delay-
product (PDP) of the proposed flip-flop is compared with
that of previously reported. The results show a
considerable power-delay-product (PDP) improvement of
the proposed flip-flop.

‘The paper is organized as tollows. In Section Il, the
circuit structure and operation principle of the proposed
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flip-flop is introduced. Section IH presents the
performance comparision of conventional flip-flops.
Finally, we draw our conclusion in Section IV.

2. PROPOSED LOW POWER FLIP-FLOP

A schematic diagram of the proposed flip-flop is shown
in Fig.1. The flip-flop consists of two stages. The first
stage is a differential circuit with additional circuits to
recover full signal swing at the output (M93-M12). The
second stage is a high speed SR latch with a cross-
coupled circuit. The inputs Sb and Rb of the SR latch also
drive the transistor M4 and M5 in the pull-down paths of
the first stage, respectively. Output pairs S and R from the
first stage are fed into the SR Jatch. The SR latch captures
each transition and holds the outputs until the next pull-
down transition occurs on one of the precharge nodes i.e.
Out and Cuth. The cross-coupled circuit consisting of
four weak transistors M17 through M20 is used for
preserving the output data statically during the period in
which the SR latch is opaque.

cn.Kh_ﬂj?

_LCLKb
ey
outb out R
Sb Rb
M4 M5
out oulb
|_T_ = j__[,m
M6 M7 1
MB

ﬂ%lﬁ-‘!—a : Mi4 E’B_b

45 X Er
RI’JF_—I >< |_||—hs
s M9 M20 ™6 |i

Fig.1: The proposed low power flip-flop

The operation of the flip-flop is as follows. In the
equalization phase, the clock signal goes low, turning M1
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and M8 off, connecting the output nodes Out and Outh to
each other through the MNI. Then, by the charge sharing
effect, the voltage levels of both outputs become equal.
Since the outputs are complementary, that is, one is
always at Vdd and the other at ground during last
evaluation phase, the connection between these nodes
makes the voltage level be in between the extremes. In
usual cases, as the amounts of parasitic capacitance of
cach node are comparable, this valve is close to half of
the supply voltage. The internal nodes S and R are pulled
down to the ground. With these two nodes fed into the
second stage, all the transistors M13 through M16 in the
SR latch become fully off, which implies that the Jatch is
in the opaque phase. Assuming that the flip-flop outputs
Q and Qb were evaluated to have low and high logic
values, respectively, during the preceding clock cycle, the
transistors M17 and M20 of the cross-coupled circuit
become active to preserve the output logic states while
the MI18 and MI9 are operated in cut-off region.
Meanwhile, the input Sb and Rb are high logic value,
turning M4 and M35 on.

In the evaluation phase, the clock signal goes high,
turning M1 and M8 on, separating the pre-charged nodes
from each other. Then, depending on the applied input
values, a low impedance path to ground is established at
one of the two pre-charged nodes through the differential
input, pulling down the node toward ground. As an
example, let us assume that the input D is high. Therefore
the inverting output, Qutb is to be evaluated low. In this
case after discharging, the lowering of voltage at Outh
turns on M3 in the cross coupled pair, pulling up the node
Qut and turning off M2. As a result, the node Outh is
pulled down quickly toward ground. The internal node S
and node R is then pulled down and puiled up,
respectively. Hence, both transistor M14 and M135 are on
and give Q and Qb to be high and low respectively.
become active to pull down Q and pull up Qb,
respectively. The node Rb change to low and the
transistor M3 is turn off, allowing no additional internal
node transition due to subsequent input change.

3, SIMULATION RESULTS AND COMPARISON

The proposed flip-flop has been compared with two
differential flip-flop, the modified sense amplifier-base
flip-flop(SAFF) and the conditional capture flip-
flop(CCFF). All the simulations were carried out using a
Hspice simulator, with 0.18 pm CMOS process
parameters. The supply voltage is 1.8V. The clock
frequency was 400MHz. The simulation shows that the
proposed flip-flop as shown in Fig.2. Fig.3 show
waveforms at node Out and Cuth of the proposed flip-
flop and SAFF as they were applied with the same inputs.
Note that during the equalization/pre-charged phase the
proposed flip-flop has Out/Cuth equal to Vdd/2 while
SAFF has Out/Outb equal to Vdd. In the evaluation
phase, the resolving time of the proposed {flip-flop is
about a half of that of the SAFF.

To fairly compare the different flip-flop circuits in
terms of power dissipation, we followed a methodology
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similar to that found in [5]. In each flip-flop the data and
clock signals were provided through buffering inverters
instead of using an ideal voltage sources. Consequently,
the local clock and data power dissipation was derived as
the difference in the power dissipation of each buffering
inverter, when loaded with a flip-flop and when unloaded.
Average power dissipation is measured when output Q
and Qb is loaded with C =100{F. To estimate the power
consumption, the simulation is performed by varying the
switching activity of the D input. The switching activity
is defined here as the average number of transition of D
in a clock cycle. Three input case were considered for the
switching activities of 0, 0.5 and 1.0. The power
dissipation was evaluated for a time period of 50ns. The
power spent on output loads is excluded from the total
power to get a fair picture of the power behavior of the
circuit.

Table 1 summarizes some important characteristics
of flip-flops such as the device count, the average power
consumption, the data-to-output (D-t0-Q) latency, and the
corresponding power-delay product. The proposed flip-
flop shows smaller power consumption in comparison to
other high-performance flip-flops. It gives symmetric
output transitions like CCFF and SAFF. The PDP
reduction of proposed flip-flop is 20.8% in comparisen to
CCFF which show the lowest PDP among all other flip-
flops. Comparison to SAFF, these values is 40 %.

Three main sources of power dissipation including
internal power dissipation, local clock power dissipation
and local data power dissipation were measured for data
switching activity of 0.5. As shown in Fig.4, the proposed
flip-flop presents the lowest local clock power dissipation
while CCFF consumes large amount of clock power due
to its high clock loads. Total power consumptions of
proposed flip-flop is 29% lower than SAFF and 11.3%
for comparision with CCFF.

Fig. 5 shown power as a function of data switching
activity for different types of flip-flop. The proposed flip-
flop has the lowest power consumption at switching
activities 1.0'and 0.5 among all flip-flops. This is because
in the evaluation phase it comsumes energy only for
charging an output node from Vdd/2 to Vdd. Compared
with the precharge scheme used for dynamic circuit, the
charge recycling technique draws roughly half of energy
from the supply for the same evaluation. Note that CCFF
shows low power consumption only at low data switching
activites.

4 CONCLUSION

In this paper a new low power flip-flop is presented. It
improves power efficiency by utilizing a charge recycling
technique while providing the speed comparable fo
conventional pre-charged circuit technique. The
performance of the proposed flip-flop has been verified
through Hspice simulation. From these resuits, the
proposed flip-flop shows an advantage in both speed and
power consumption over the conventional flip-flop.
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Table I:Proposed flip-flop characteristics
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Device D-Q Power PDP Ratio
count | latency(ps) | (W) (3)
SAFF 26 269 210 56.4 1.0
CCFF 35 257 168 43.1 0.764
Proposed| 25 229 149 34.1 0.604
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Fig.2: Simulation waveforms of proposed flip-flop
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Abstract-This paper presents a fully-swing adiabatic circuit.
The proposed circuit can reduce a non-adiabatic loss by
completely returning charge at the output node during the
recovery phase to the clocked supply. As a result, overall
efficiency is improved toward its theoretical limit. In order to
confirm its operation, circuit simulations of inverter/buffer chain
are performed. Simulation results show that the proposed circuit
achicves energy saving as much as 24% compared to 2N-ZN2P
adiabatic logic implementation at clock rate of 100 MHz.

L.

Power dissipation has been a highly concerned issue in the
performance of VLSI circuits. For high-speed digital CMOS
circuits, there are several methods to achieve a low power
dissipation such as reducing the supply voltage, the voltage
swing, the load capacitance, and the switching activity.
Although those methods try to minimize the power dissipation,

INTRODUCTION

still all of its energy drawn from its dc supply is completely

dissipated in the circuit. Alternatively, adiabatic circuits can
reduce power dissipation by utilizing ac power supplies to
recycle the energy stored in the load capacitance instead of
being dissipated in the circuits. Since their operation require
slow transition of their ac supply voltage, adiabatic circuits
lose their energy efficiency when operate at high frequency.
However they still have some advantages over CMOS circuits
for applications that do not require very high speed such as
portable electronics.

The current adiabatic circuits can be classified as either
partially adiabatic or fully adiabatic. In the fully adiabatic
circuit, all the charge on the load capacitance is recovered by
the power supply while in the partially adiabatic circuit, only
some charge is recovered. The examples of the fully adiabatic

circuits are Pass Transistor Adiabatic Logic (PAL)[1] and.

Split Rail Charge Recovery Logic (SCRL)[2]. This types of
circuits however are difficult to implement due to its
complexity of synchronization between cascading stages
which limits its maximum operating speed. In contrast the
partial adiabatic circuits can be designed based on a CMOS
logic. The popular partially adiabatic families include 2N-
2N2P[3], Efficient Charge Recovery Logic (ECRL)[4}, Clock
Adiabatic Logic (CAL)[5], and True Single Phase Adiabatic
Logic (TSEL)[6]. The power supply for adiabatic operation is
usually a trapezoidal or sinusoidal voltage source. This supply

voltage also acts as a clock. Digital systems with multiple
stages/cascades based upon the described adiabatic power
clocking scheme usually require four clock phases when using
a trapezoidal voltage source and two clock phases when using
a sinusoidal voltage sources. The sinusoidal signal also can be
considered as an approximation of the trapezoidal waveform
with zero hold phase. '

Although it is simple to implement and has a rather high
operating frequency, the voltage output low of 2N-2N2P is not
equal to GND but a threshold of PMOS. We proposed a
partially adiabatic circuit based on 2N-2N2P structure which
uses two complementary sinusoidal supply clocks. The circuit
gives a full swing output while still possesses the advantages
of 2ZN-2N2P. As a result, energy saving are improved. The
paper is organized as follows. In Section 1I, the adiabatic
switching and 2N-2N2P are discussed. Section III describes
the operation of the proposed circuit. The performance
comparisons of 2N-2N2P and the proposed circuit are
presented in Section VI. Finally, we draw our conclusion in
Section V.

IL.

The dominant factor in the dissipation of static CMOS logic
is the power required to charge capacitive node.

VoD
Mp
IN ouT
7 I

Figure 1, Static CMOS inverter.

ADIABATIC CIRCUITS

In the CMOS inverter of Figure 1, when the output changes
to high, the total energy drawn from the power supply is E=
CV?%;,, where C is the capacitance of the output node and Vpp
is the supply voltage. Half of this energy is dissipation on the
on-resistance R of the device MP, and the other half is stored
in the output capacitance. When the output is driven low at 2
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later cycle, the energy stored in the oulput capacitor is
dissipated on the on-resistance R of the device MN.

A, Adiabatic Switching Theory

The principle of adiabatic switching can be explained by its
comparison to a simple RC circuit. Figure 2(a) shows current
as a function of time during a switching of a static CMOS§
circuit. A low to high transition at node ouf can be modeled as
a charging of load capacitor through a switch and its effective
resistance. When the switch is turn on, C is charged up to V.
The current through the resistance decreases exponentially as
the time passes. The energy dissipates is equal to (1/2)CHy
where V4 is the voltage change at the node owt. In an
adiabatic circuit Figure 2(b), the transition is slowed down by
using a time-varying voltage source instead of a static voltage
supply. By spreading the transfer of charge to the capacitor
over time, the current is greatly reduced. The overail energy
dissipation is reduced to (RC/T)CV?4; {7] if the current flow is
maintained constant where 7T is total switching time. Ideally,
with T approaching infinity, the energy dissipation for a
switching will approach zero.

The power supply for adiabatic circuits produces a time-
varying periodic signal, or ac-supply, that gradually swings
between 0V and V. The period of this signal is long enough
to maintain a small potential drop Vg across the resistor.
Alternatively, a simple form of adiabatic charging can also
accomplished by using a power supply with a ramp output.
Such a signal can be approximated as an oscillating signal
from a resonant RLC circuit. The number of phase of ac-
supply required to control cascaded gates is an important
consideration in adiabatic logic design since it affects energy
consumption, operating speed, and design complexity.

B, 2N-2N2P adiabatic logic

The 2N-2N2P is a partially adiabatic circuit, as shown in
figure.3. It uses a pair of cross-coupled NMOS(MNI1 and
MN2) to obtain non-floating output. To cascade 2ZN-2N2P
circuits it needs four-phase ac-supply. Note that MP1 and
MP2 are used for both charging the output node and retum
charge to the supply, thus its energy loss per cycle is

£={ 0

Where €, is the load capacitance, Rp is the turn-on
resistance of PMOS, T is the transition time of the supply, Va4
is the peak voltage of the supply, and Vy, is threshold voltage
of PMOS. In Eq. (1), the first term represent adiabatic energy,
which can be reduced by lowering operation frequency and
the second term represent non-adiabatic energy loss which is
dependent on the load capacitance.
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Figure 2. Modeling of the charging process in different circuit.
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ill. PROPOSED ADIABATIC LOGIC

The proposed circuit is made uwp of a 2N-2ZN2P
buffer/inverter and two additional pulse-controlled transistors
(MN35, MN6) shown in the Figure 4. Pc and Pcb are the two
opposite phases ac supply used for cascading stapes as in
Figure 5. The operation of the circuit can be explained as
follows. While Pc ramps up from GND to Vg, if the input IN
is high and IND is low, MN3 is turned on and MN4 is turned
off. Therefore, the output node OUTb is discharged to ground
by MN3. Consequently MP2 turns on. As a result the output
node OUT increases as the supply (Pc) rises. When the supply
(Pc) ramp down from Vg4 to GND, the charge previously
stored in the load capacitance at the OUT node returns to the
supply. Due to the threshold voltage of PMOS, as the supply
reaches about a threshold above GND MPI/MP2 siop
conducting current. Hence, the output voltage cannot drop to
GND. Therefore some of the charge remains in the load
capacitance. To prevent this additional NMOS (MN5/MNG)
are connected between the output nodes and the supply in the
proposed circuit. As a result, when PULSE is high, MN5/MN6
are turned on the remaining charge at output node can be
discharged to supply via MN5/MNG. Consequently, the output
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voltage can reach GND, Thus, more charge can return to the
supply.

The basic proposed circuit buffer/inverter logic gate can be
expanded to other complex gates, such as AND/NAND,
OR/NOR, and multiplexer, by using NMOS tree to replace
MN3 and MN4. Then all these can build up various circuits,
for example, adder, counter, and multiplier,

Vpe
Pul
W M rv‘@b d [MP2 Mg FLVISE
Out
Outb
Mlvns mNij— vz ved] P
(a)
SN S I A
' ' SR
Vpch FAT Y g .
A N b g
P f—
Puise( i i
Pulse ] i P -
(b

Figure 4. a) The proposed circuit b) Waveform and timing relationship
between the supply voltage and pulse signal.

1V. SIMULATION RESULTS

The proposed circuit was simulated using 0.35 pm TSMC
CMOS technology. A capacitive load of 20fF is placed at
output nodes, The amplitude of sinusoidal power supply is
0.75V. Note that the PULSE signals can be obtained directly
from the control signals used in a supply generator circuits.
We discuss the result of HSPICE simulation of 4-stage

110

Figure 6 shows transient waveforms of the 2N-2N2P and
the preposed circuit. In figure 6(a) the output voltages can not
reach the ground level. In figure 6(b), when the supply is low
and PULSE signal is active the MIN5/MNS6 are on and both of
their output nodes (OUT, OUTbH) are pulled to the same
voltage levet as the supply i.e., GND.

Voltage

Time(ns)

a)  the 2N-2N2P circuit

16
1.4
1.2 4
104"
0.5 4
0.6 4
0.4
0.2
0.0

Voltage

Time{ns)
the proposed circuit

b)

Figure 6. Transient waveforms of 2N-2N2P and proposed circuits at
frequency 100MHz

The Figure 7(a) and 7(b} shows plots of the power
dissipation of the circuits at 100MHz. Negative and positive
values indicate power flowing into and out of the circuit.
Figure 7(c) shows the energy consumption during the
transients of 2N-2ZN2P and proposed circuit. Clearly, the
consumed energy of the proposed circuit is smaller than that
of the 2ZN-2N2P circuit. Excluding power consumption used to
generate the PULSE signal, the proposed circuit consumes
3.45 pl, which is 76% of that of the 2N-2N2P (4.5 pI}.

109

pipeline using two-phase sinusoidal power supply shown in Vpe _ypen
figure.5. - s s AT Y
Vpe Vpeh Vpe Vpeb 2 °
. g -5
= \I\ Cuth g‘,- -100
>SS
inb Cut 2
£ -200
/I * 250
-300 -+ y T T T T T T
Pulse & Pulsel Pulsc 0 Pulsel 0 20 40 50 BO 100 120 140 160
Time(ns)
Figure 5. The 4-stage pipeline using two-phase sinuseidal power supply.
a)  Power dissipation of power clocks, Vpe, and Vpeb in 2N-2N2P
circuit.
ECYI-CON 2007

The 2007 ECTI International Conterence

170



100

50

50
-190
~150
=200

Power dissipation(pw)

-250

-300

- Vpo / \.atpcb;

b)

00

20 40 80 &0 100 120 140 180
Time{ns)
Power dissipation of power clocks, Vpe, and Vpcb in proposed
cireuit

0
204
3.0 -

4.0

Energy consumption (pJ)

50

N ad circut

c)

Time(ns)
Energy profiles

n

Datain
Qur
Pulscd dostage [
Y ipeline
Pulse Sinusoidat |1 vy PP
Supply
Generator Generator
L VddZ gz

Vpcb

|ﬂscﬂ Pulse), M2 CEI_

-+

Figure 9. Simulation setup for buffer/inverter chain

V. CONCLUSION

We present a low power adiabatic circuit based on a 2N-
2N2P adiabatic circuit. The proposed circuits is able to
eliminate the non-adiabatic loss. The simulation results show
that at operation frequency of 1G0MHz the proposed circuit
consumed 76% of the energy of a conventional 2N-2N2P
adiabatic circuit. The circuit is suitable for the low power
applications such as portable devices where speed is not a

Figure 7. The power profiles of the simulation circuits at 100MHz

140

—e— static ciréuit -
120 1 o 2N-2N2P tireuit
—4— proposedicircuit

40

Powar dissipation (nW\)

Freguency (Hz)
Figure 8. Power dissipation against operating frequency

Figure. 8 shows the power dissipation against the operating
frequency of the 2N-2N32P, the proposed circuit, and static
circuit at a supply voltage 1.5V ac and dc respectively . At
100MHz, the 2N-2N2P circuit consumes 26 uW, the static
circuit consumes 98 pW, and the proposed circuit consumes
19 pW.

The setup of the complete system is shown in Figure. 9. The
pulse generator circuit produces two non-overlapsing clocks,
Pulse and Pulse! from the system clock Clk. These two
pulses control oscillation frequency of the sinusoidal supply as
well as allow outputs of each stages to reach GND

critical factor.
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